Introduction
It is important to understand the fundamental mechanism of bacterial manganese(II) oxidation because it plays a role in many biogeochemical cycles ). The amorphous biogenic Mn(IV) oxides produced by Mn(II)-oxidizing bacteria are characterized by their strong reactivity, oxidizing metals and organic molecules such as chromium(III) (Murray and Tebo 2007) and phenolic compounds. In addition to the strong oxidative nature of Mn(IV) oxides, the structure of the oxides leads to the adsorption and sequestration of heavy metals (e.g., Cu, Co, Cd, Zn, Ni, and Pb) resulting in potential applications of Mn(IV) oxides in bioremediation .
The physiological basis of microbial Mn(II) oxidation remains enigmatic. Many hypotheses have been put forth on the utility of Mn oxide formation for Mn(II)-oxidizing bacteria. Potential roles range from environmental protection to energy utilization. There may be a common role for Mn(II) oxidation, or the role of Mn(II) oxidation may be as diverse as the bacteria that catalyze this reaction. The three most studied Mn(II)-oxidizing microorganisms represent this Communicated by Friedrich Widdel. diversity . Vegetative cells of the (-(proteobacteria Pseudomonas putida MnB1 and GB1 oxidize Mn(II) during stationary phase, the gram positive Bacillus sp. SG-1 oxidizes Mn(II) as "dormant" spores, and the sheathless Leptothrix discophora SS1 secretes Mn(II)-oxidizing activity into the culture medium. Despite these physiological and phylogenetic diVerences, a multicopper oxidase (MCO) gene was shown to be involved in Mn(II) oxidation in each of these strains (van Waasbergen et al. 1996; Corstjens and De Vrind 1997; Brouwers et al. 1999) . Recently, a fourth MCO has been shown to be required for Mn(II) oxidation in the -proteobacterium Pedomicrobium sp. ACM 3067 (Ridge et al. 2007) . In all four of these model organisms these MCOs are hypothesized to encode the catalytic Mn(II) oxidase. Yet, the inability to purify the native Mn(II) oxidase (Adams and Ghiorse 1987; Okazaki et al. 1997) or to express an active Mn(II) oxidase in a heterologous host has largely prevented the biochemical characterization of this interesting enzymatic activity. The Wrst published attempt to purify this protein was in 1987 (Adams and Ghiorse 1987) , and 20 years later we are still struggling with this problem. The low native expression levels and large losses in activity with protein separation has hindered our ability to understand and investigate this activity. The roadblocks to purifying and expressing an active Mn(II) oxidase have also prevented researchers from making a conclusive link between the MCO genes and the enzymatic activity.
MCOs are characterized by their spectrally distinct Cu atoms as well as by sequence homology (Solomon et al. 1996) . The Cu atoms are integral in catalyzing successive one electron transfers from the substrate to reduce molecular oxygen to water. Most MCOs oxidize organic compounds, especially phenolic compounds, however MCO's have also been shown to oxidize Fe(II) in yeast (Fet3) (Askwith et al. 1994) , bacteria (Huston et al. 2002) , and humans (ceruloplasmin) (Lindley et al. 1997 ). In addition, fungal MCOs (laccases) (Hofer and Schlosser 1999; Schlosser and Hofer 2002) have been described that can oxidize Mn(II) to Mn(III). Some MCOs such as ceruloplasmin show a high degree of substrate speciWcity and others such as laccase possess a more relaxed substrate speciWcity oxidizing many diVerent substrates including metals and phenolic compounds (Kim et al. 2001; Solano et al. 2001; Stoj and Kosman 2003) . Fe(II) oxidation and fungal Mn(II) oxidation by MCOs serve as models for bacterially mediated Mn(II) oxidation. But it is also useful to consider additional mechanisms of Mn(II) and Fe(II) oxidation that could lead to insight into microbial Mn(II) oxidation as well as provide an additional experimental context. For instance, Mn(II) oxidation by fungal Mn peroxidases employ peroxide and a Mn(III) chelator for the oxidation of Mn(II), and Fe(II) can be oxidized directly by cytochromes (Cobley and Haddock 1975) , type I copper enzymes (Cox and Boxer 1978) , iron-sulfur proteins (Fukumori et al. 1988) , and by the iron storage protein ferritin (Harrison and Arosio 1996) .
Studies on Mn(II) oxidation in -proteobacteria have been limited, yet the eVect of copper on Mn(II) oxidation in whole cells (Larsen et al. 1999) , the non Mn(II) oxidizing phenotype of a MCO mutant (Ridge et al. 2007) , and the eVect of copper chelators on Mn(II) oxidation in acrylamide gels (Francis et al. 2001) suggest copper may play an important role in Mn(II) oxidation in this phylogenetic group. The marine -proteobacterium Erythrobacter sp. strain SD21 (Francis et al. 2001 ) is a Mn(II) oxidizer and an excellent model for Mn(II) oxidation studies. The in vitro Mn(II)-oxidizing activity of this strain is relatively robust and stable (Francis et al. 2001) , and therefore well-suited for biochemical characterization and puriWcation. This organism is a close phylogenetical relative of aerobic anoxygentic phototrophs. Aerobic anoxygenic phototrophs are estimated to comprise 11% of the microbial community in the ocean and have been implicated in as much as 5-10% of the photosynthetic potential in the oceans (Kolber et al. 2001; Goericke 2002) . Because of their important role in the oceans, understanding how this group of organisms may oxidize Mn(II) is especially intriguing and relevant.
In this paper, we describe the use of traditional biochemical techniques to understand Mn(II) oxidation in the marine Erythrobacter sp. SD21. In vitro studies on Mn(II) oxidation presented here indicate that previously unexpected cofactors are involved in Mn(II) oxidation-speciWcally, the quinone PQQ (pyroloquinoline quinone). Many of the results of our studies on the Mn(II) oxidase in this microorganism suggest similarities to known MCOs, yet there are striking inconsistencies and new Wndings which indicate that this Mn(II) oxidase is a quinoprotein and may represent a new class of Mn(II)-oxidizing enzymes.
Materials and methods

Bacterial media, and growth conditions
Erythrobacter sp. SD21 (Francis et al. 2001 ) was grown in 2.8 l Fernbach Xasks containing 1 l of natural seawater based K medium (van Waasbergen et al. 1993 ) on an orbital shaker. When additional copper was added to the media it was added as 10, 50, or 100 M CuCl 2 . For growth experiments, optical density was measured at OD 600 approximately every 12 h.
Preparation and fractionation of cell-free extracts of Erythrobacter sp. SD21 Cells of Erythrobacter sp. SD21 were grown to the beginning of stationary phase at an OD 600 of 0.5. Cells were harvested by centrifugation (10,000£g for 20 min at 4°C), washed in 100 ml 20 mM HEPES pH 8 buVer, recentrifuged, and resuspended in 2-4 ml 20 mM HEPES pH 8 buVer. When harvesting more than 10 l, the initial centrifugation was replaced by tangential Xow Wltration with 0.2 m Wlter cassettes. DNAse (1,000 U) was added to the washed cells which were then broken by three passages through a French pressure cell at 130 MPa. The broken cells were centrifuged in a Beckman tabletop ultracentrifuge (200,000£g for 2 h at 4°C). The soluble cell-free extract (the supernatant, 5-10 mg £ ml ¡1 protein) was used immediately or frozen in small aliquots at ¡20°C. When speciWcally noted, cell-free extract was dialyzed with 50,000 MWCO membranes overnight at 4°C in 20 mM HEPES, pH 8, and 20% glycerol. Membrane fractions were prepared by centrifuging the broken cells at 12,000£g for 30 min at 4°C. The supernatant was removed and centrifuged again at 200,000£g for 2 h at 4°C. The solid pellet was resuspended in 20 mM HEPES pH 8 buVer to a volume equal to the precentrifugation volume and deWned as the membrane fraction.
Preparation of cell-free extracts of P. putida MnB1
One litre cultures of P. putida MnB1 were grown to stationary phase in LEPT media (Boogerd and de Vrind 1987) . Cells were harvested by centrifugation (10,000£g for 20 min at 4°C), washed in 100 ml 20 mM HEPES pH 8 buVer, recentrifuged, and resuspended in 15 ml 20 mM HEPES pH 8 buVer. The culture was sonicated on ice for 30 min at 20 kHz, 50% pulse (Okazaki et al. 1997 ). Cellfree extract was obtained as the supernatant from centrifugation (12,000£g for 15 min at 4°C). The cell-free extract was used immediately or frozen in small aliquots at ¡20°C.
Mn(II) oxidase assay
The Mn(II) oxidase assay contained approximately 0.5-1.0 mg/ml protein as soluble cell-free extract in a 20 mM HEPES pH 8 buVer, 2 mM MnSO 4 , 10 M pyrroloquinoline quinone (PQQ), 200 M NAD + , and 15 mM CaCl 2 unless otherwise noted. Assays were incubated at room temperature on a shaker. To determine the eVects of components added to the assay as shown in Table 1 , PQQ and NAD + were omitted. Calcium was omitted from the control to determine the eVect of calcium and magnesium, but was included with both the control and tested compound for all other assays. Oxidized Mn was measured colorimetrically using leukoberbelin blue (LBB) (Okazaki et al. 1997 ). When LBB is oxidized by Mn(III,IV) it forms a blue product. At discrete time points, 50 l of the assay solution was removed and added to 250 l 0.04% LBB in 45 mM acetic acid, the assays were incubated for a minimum of 15 min for complete reduction of oxidized Mn, centrifuged to remove precipitated protein, and the A 620 determined. The rate of duplicate assays varied by less than 10%. KMnO 4 was used as a standard. There was no background oxidation of Mn(II) in the absence of cell-free extract. Values reported as percentage of control are the average of two or more replicates.
To determine particulate oxidized Mn, samples were Wltered with a 0.2 m Wlter to retain particulate Mn (insoluble MnO 2 ). The Wlters were then washed three times with manganese free 20 mM HEPES pH 8 buVer. Total Mn on the Wlters was then determined. This value was divided by the volume Wltered to determine the concentration of particulate oxidized Mn.
The buVers used for optimum pH determination were 20 mM MES pH 5. 2, 5.7, 6, 6.4; 20 mM HEPES pH 6.8, 7, 7.6, 7.9, and 8.4 . For kinetic studies, all assays at diVerent Mn(II) concentrations were performed in duplicate with oxidized Mn measured at 6-7 time points, each 25 min Proteases Trypsin (100 g/ml, 3 h) 17
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Protease from Streptomyces griseus (100 g/ml, 3 h) apart. The oxidation rate was linear during this time. K m and V max were determined with the graphing software Kaleidagraph (Synergy Software) Wtted to the Michaelis-Menten kinetic equation. For inhibitor studies, fresh stocks of 1 and 10 mM phenylhydrazine, sodium cyanide, o-phenanthroline, and sodium azide were made and added as aliquots to the assay mixture. Phenylhydrazine is oxidized by biogenic Mn oxides, thus the amount of oxides reduced by a given amount of phenylhydrazine in the Mn(II) oxidase assay was determined. Inhibition would be considered to occur if the activity was inhibited in excess of that which would be due to a reaction between oxides and phenylhydrazine. For instance 10 M phenylhydrazine would reduce the A 620 of the LBB measurement by 0.02.
Mn(III)-pyrophosphate trapping experiments were executed as described in Webb et al. (2005) . Mn(II) oxidation by cell-free extracts was performed as described above except in a 5 ml stirred assay with 0.25 mg cell-free extract; 40 M sodium pyrophosphate was added as the trapping agent and calcium was omitted from the assay to prevent precipitation. The absorbance spectrum was recorded every 5 min with an Ocean Optics Wber-optic dip probe spectrometer. Mn(III) pyrophosphate was measured at 458 nm ( = 6,750 M ¡1 ). Protease treated soluble cell-free extract was prepared by incubating 100 g/ml trypsin, proteinase K, or protease with the soluble cell-free extract for 30 min to 3 h at room temperature. The treated protein was assayed immediately or stored on ice until assaying.
Other assays
Protein concentration was determined by the method of Bradford (1976) with bovine serum albumin (BSA) as the standard using a commercially available dye-binding assay (Bio-Rad, Hercules, CA, USA). Malate dehydrogenase (Stams et al. 1984) and ATPase (Barnett 1970) activities were determined in spectrophotometric assays by monitoring the absorbance at 340 nm. Quinone concentration was determined by the spectrophotometic NBT/glycinate redox assay (Fluckiger et al. 1995) with authentic PQQ used as the standard. PQQ was determined by the reconstitution of the soluble form of glucose dehydrogenase apoenzyme (van der Meer et al. 1990 ).
Partial puriWcation of the Mn(II) oxidase
Mn(II) oxidase was partially puriWed from soluble cellfree extracts of Erythrobacter sp. SD21 prepared as described above. Approximately 10 l of cells were used to obtain the partially puriWed fraction; 1 ml fractions were collected in all cases with the chromatography at 4°C unless otherwise noted; 20 ml of soluble cell-free extract were injected, 2 ml per run, onto a 24 ml Superose 6 HR 10/30 gel Wltration column equilibrated with 40 mM HEPES pH 8, 0.12 M NaCl, 20% glycerol, and 0.1 mg/ml BSA at 0.15 ml/min. The active fractions were combined, concentrated by ultraWltration (MWCO = 50,000), and the buVer exchanged to 20 mM TRIS pH 7.5, 20% glycerol, and 1 M (NH 4 ) 2 SO 4 . The active fraction was then Wltered with a 0.2 m PVDF Wlter, injected onto two 1 ml HiTrap Phenyl HP columns in series equilibrated with room temperature 16 mM TRIS 20% glycerol, 0.8 M (NH 4 ) 2 SO 4 , and 1 mg/ml dextran. Proteins were eluted with a decreasing linear gradient of (NH 4 ) 2 SO 4 . Active fractions were pooled, concentrated by ultraWltration (MWCO = 50,000), and buVer exchanged to 20 mM TRIS pH 8, and 20% glycerol. The sample was Wltered with a 0.2 m PVDF Wlter and then injected onto an anion exchange column (1 ml HiTrapQ) equilibrated with 20 mM TRIS pH 8, 20% glycerol, and 0.1 mg/ml avidin. The Mn(II) oxidizing activity eluted in the unbound fraction. This fraction is referred to as the partially puriWed Mn(II) oxidase.
Gel electrophoresis
Denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out by standard procedures using 8% acrylamide/bis acrylamide separating and 4% acrylamide/bis acrylamide stacking gels (GarWn 1990) . Molecular mass standards were obtained from BioRad. Proteins were visualized by Coomassie blue R-250 staining. Mn(II) oxidation zymograms were obtained as described previously (Francis et al. 2001) . Protein was reduced, but not heat denatured for the gels stained for Mn(II) oxidation activity.
Absorption spectrum
The spectrum of the partially puriWed Mn(II) oxidase was recorded on a Perkin Elmer Lambda Bio 20 UV/VIS spectrometer.
Chemicals and solutions
Chemicals of the highest grade were purchased from Sigma-Aldrich or Bio-Rad. All solutions were prepared with milli-Q water (Millipore) or in 20 mM HEPES pH 8. FPLC columns were obtained from GE Healthcare. BSA for protein puriWcation buVers was the initial fractionation from cold ethanol precipitation (Sigma). Avidin used for protein puriWcation was aYnity puriWed (Sigma). Soluble glucose dehydrogenase apoenzyme was obtained from J. A. Duine.
Results
Mn(II) oxidase activity
Soluble cell-free extracts of Erythrobacter sp. SD21 catalyzed the oxidation of Mn(II) as measured by the colorimetric reaction with LBB. When Mn(II) was omitted from the assay or when cell-free extracts were heat treated by boiling for 5 min, there was no detectable Mn(II)-oxidizing activity. The activity showed a linear dependence on protein concentration. Incubating the cell-free extracts with proteases for 0.5-3 h resulted in an 83-85% reduction in activity (Table 1) suggesting that the enzyme is sensitive to proteases and that the oxidation of Mn(II) by this organism is indeed enzymatically catalyzed. The Mn(II)-oxidizing protein was stable at room temperature and on ice, but the activity decreased when assayed following incubations for 30 min or longer at 30°C or higher. Maximum activity occurred at pH 8 and in the presence of PQQ, Ca 2+ , and NAD + . Based on Michaelis Menten kinetic parameters, the maximum rate of Mn(II) oxidation was 2.5 § 0.12 nmol as MnO 2 equivalents £ min ¡1 £ (mg cell-free extract protein)
¡1 with an apparent Km for Mn(II) of 204 § 43 M. The maximum in vitro rate of Mn(II) oxidation was approximately four times greater than the in vivo rate.
Localization of Mn(II) oxidase activity
Localization of the Mn(II)-oxidizing activity from Erythrobacter sp. SD21 by ultracentrifugation yielded a soluble Mn(II) oxidase with 87% of the activity present in the supernatant ( Table 2 ). The distribution of the activity between the soluble and pellet fractions is consistent with the soluble control enzyme, malate dehydrogenase, and suggests that the Mn(II) oxidase is cytoplasmic, periplasmic, or a very loosely associated peripheral membrane protein. Mn(II)-oxidizing activity can also be detected in the culture supernatant following approximately 1,000-fold concentration of the protein in the culture supernatant. This activity comigrates in SDS-PAGE gels stained for Mn(II)-oxidizing activity with the cell associated activity, suggesting the Mn(II)-oxidizing activity is very loosely associated with the cell surface or Mn(II)-oxidizing activity is stable following natural cell lysis that may occur during late exponential phase.
Mn(III) as an intermediate in Mn(II) oxidation in Erythrobacter sp. SD21
The product of in vitro Mn(II) oxidation is soluble and greater than 95% of oxidized Mn can pass through a 0.2 m Wlter, a common technique to detect particulate Mn, suggesting a colloidal Mn(IV) oxide or a soluble Mn(III) species is formed from enzymatic oxidation. The characteristic brown color of Mn(IV) oxides did not develop during the in vitro assay, thus the product is likely to be Mn(III). Mn(III) could be stabilized by chelating with organic acids in the cell-free extract. Using the pyrophosphate trapping protocol (Webb et al. 2005) , Mn(III)-pyrophosphate was observed to form in the Mn(II) oxidase assay, further suggesting that Mn(III) is an intermediate in the oxidation of Mn(II) to Mn(IV) oxides. The absorbance of the Mn(III)-pyrophosphate complex did not decrease with time ( Fig. 1 ) as was demonstrated with Bacillus sp. SG-1 (Webb et al. 2005 ) even when the experiment was extended to over 30 h. In addition, when cells are grown on agar plates, Mn oxides are not conWned to the colonies, but are present in a halo around the colony consistent with the production of a diVusible oxidized species such as complexed Mn(III). These experiments and observations suggest that Mn(III) is the product of the enzymatic oxidation and the formation of Mn(IV) oxides by whole cells and in protein gels (Francis et al. 2001 ) likely occurs by disproportionation of Mn(III).
Optimization of the Mn(II) oxidase assay and identiWcation of cofactors
The eVect of copper on in vivo and in vitro Mn(II) oxidation was investigated to determine whether copper could stimulate Mn(II) oxidation in Erythrobacter sp. SD21. This stimulation has been shown in other Mn(II)-oxidizing bacteria (van Waasbergen et al. 1996; Larsen et al. 1999; Brouwers et al. 2000a; Zhang et al. 2002) . With growing whole cells of Erythrobacter sp. SD21, copper (10-100 M) addition to the growth media did not aVect growth or Mn(II) oxidation. For cultures grown with 50 or 100 M added Cu(II), the in vitro speciWc activity of Mn(II) oxidation was determined and found to be the same as in cell extract from cells grown in the absence of copper. Adding Cu(II)Cl 2 or Cu(I)-histidine to the in vitro enzyme assay did not aVect the rate of Mn(II) oxidation (see Table 1 ). Both redox states of Cu were tested as the redox state of the Cu may aVect loading of the apoenzyme (Musci et al. 1996) . Altering the ratio of Cu(II) to Mn(II) (5-1,000 nM Cu(II) with 1 mM or 100 M Mn(II)) also had no eVect on in vitro activity. Following buVer exchange by dialysis or ultraWltration (30,000 MWCO), Mn(II)-oxidizing activity was partially lost. Adding CuCl 2 (3 or 5 M) to the assay did not increase the recovered activity. We tested the Mn(II)-oxidizing activity of Erythrobacter sp. SD21 to see if this activity was similar to fungal Mn peroxidases and stimulated by H 2 O 2 . Peroxide addition (10 M) had no eVect on in vitro Mn(II) oxidation indicating that the bacterial Mn(II) oxidase is not a peroxidase.
When the cell-free extract was separated by anion exchange under "harsh" conditions (in the absence of glycerol and molecular crowding agents), all Mn(II)-oxidizing activity was lost, but the activity could be recovered by combining separated fractions (the unbound fraction with the fraction eluting at 0.4 M NaCl with anion exchange). P. putida MnB1 mutants with disruptions in anthranilate synthase had non Mn(II)-oxidizing phenotypes (Caspi et al. 1998 ) suggesting a quinone may be involved in Mn(II) oxidation (See eVect of PQQ and NAD + on Mn(II) oxidation in P. putida MnB1), and in fact, PQQ could substitute for the fraction eluting with 0.4 M NaCl and restore activity. Because PQQ was required for activity under these conditions, its potential role in Mn(II) oxidation was investigated. Addition of PQQ to the in vitro Mn(II) oxidation assay increased the activity over eightfold (see Table 1 ). PQQ in the absence of cell-free extract from Erythrobacter sp. SD21 did not oxidize Mn(II). When PQQ was added to cell extract of a non Mn(II)-oxidizing strain such as E. coli (G. Dick and B. Tebo, unpublished data) no oxidized Mn was detected. The eVect of PQQ concentration in the cellfree extract assay was investigated from 4 to 80 M, with an optimum eVect at 10 M. Addition of Ca 2+ also stimulated activity. This eVect may be related to the eVect of PQQ (see Discussion). We examined other electron acceptors with redox potentials similar to PQQ (EЈ = +90 mV) (Anthony 1996) such as p-benzoquinone (E°Ј = +293 mV) and 1,4-naphthoquinone (E°Ј = +36 to +64 mV). None of these electron acceptors were able to stimulate the activity to the same extent as PQQ (Table 1) .
Interestingly, both NAD + and NADH stimulated Mn(II) oxidase activity with soluble cell-free extracts. Monitoring A 340 for the appearance or disappearance of NADH indicated there was little to no change in the absorbance during the course of the reaction under aerobic or anaerobic conditions. Therefore, oxidation and reduction of NAD + /NADH was either very rapidly cycled during Mn(II) oxidation or it did not occur. Although NAD + addition was not required for activity in soluble cell-free extracts, the rate of the reaction was dependent on NAD + in a manner similar to the dependence shown for a substrate with Michealis Menten kinetics (data not shown).
Multicopper oxidase and quinone inhibitors aVect Mn oxidation
Bacterial Mn(II) oxidation has been shown to be inhibited by a number of compounds which aVect the activity of MCOs, and that inhibition has supported the hypothesis that Mn(II) oxidation is catalyzed by a MCO. The eVect of sodium cyanide, o-phenanthroline, and sodium azide on in vitro Mn(II) oxidation in Erythrobacter sp. SD21 was investigated (Table 3) . Sodium azide and sodium cyanide are known to inhibit MCOs and quinoproteins (Solomon et al. 1996; Zaitsev et al. 1999) , and high concentrations of these inhibitors did inhibit Mn(II) oxidation. Surprisingly, o-phenanthroline, a speciWc copper chelator and known Oubrie et al. 1999) . Phenylhydrazine inhibited Mn(II) oxidation, and was a very potent inhibitor (10 M completely inhibited the reaction) when additional PQQ was omitted from the assay. Addition of 10 M PQQ to the inhibited assay could restore Mn(II) oxidation, suggesting the inhibition by phenylhydrazine is speciWc for PQQ.
Partial puriWcation of the Mn(II) oxidase from Erythrobacter sp. SD21
Only partial puriWcation of a bacterial Mn(II)-oxidizing enzyme has been achieved to date (Adams and Ghiorse 1987; Okazaki et al. 1997) . By using gel Wltration, hydrophobic interaction chromatography, and anion exchange chromatography under very "gentle" conditions (such as 20% glycerol and with molecular crowding agents), partial puriWcation was also achieved for the Mn(II) oxidase from Erythrobacter sp. SD21. Complete puriWcation was hindered by unusual responses to chromatographic techniques that are likely a result of interference by the carotenoids and pigments associated with this strain and overall large losses in activity upon protein separation. Mn(II)-oxidizing enzymes are thought to be large complexes (Brouwers et al. 2000b ). The activity, as identiWed from Mn(II)-oxidizing zymograms, migrates in SDS-PAGE gels as a 250 kDa protein (Francis et al. 2001) , and an intact complex may be necessary for activity. This is consistent with what was observed during protein puriWcation. The activity could be recovered in greater abundance by using 20% glycerol in all buVers, and molecular crowding agents such as BSA, avidin, and dextran were required additions to buVers during chromatographic separations to maintain activity. These "gentle" conditions should optimize folding and complex stability (Cheung et al. 2005) . Because of the use of protein molecular crowding agents during puriWcation, the speciWc activity could not be directly determined (Table 4) , however, an estimate of the speciWc activity of the partially puriWed Mn(II) oxidase can be made based on the protein in the Wnal preparation and the amount of protein added to the buVers for the anion exchange step. This estimate suggests an increase in speciWc activity to 28-56 nmol/min/mg with a 10-24-fold puriWcation of activity. The degree of puriWcation can also be assessed by SDS-PAGE, which indicated that although many proteins have been eliminated compared to the soluble cell-free extract, there are still approximately ten protein bands present in the partially puriWed Mn(II) oxidase fraction.
Characterization of the partially puriWed Mn(II) oxidase
The absorbance spectrum of the partially puriWed Mn(II) oxidase puriWed under "gentle" conditions was obtained from 250 to 700 nm. As shown in Fig. 2 , the spectra show absorbance maxima at 424, 457 nm, and a shoulder around 490 nm. The reduced enzyme (reduced by sulWde or dithionite) was quite similar to the oxidized enzyme (atmospheric O 2 or treated with H 2 O 2 ) and did not show a signiWcant or characteristic shift or change in absorbance peaks. Although the partially puriWed Mn(II) oxidase is not identical to a PQQ dehydrogenase (Frank et al. 1988) , it does show spectral characteristics similar to quinoproteins. The quinone-containing pea diamine oxidase shows absorption maxima at 480 nm for the resting enzyme and at 429, 457, and 332 nm when reduced (Dooley et al. 1987) , similar to the partially puriWed Mn(II) oxidase. MCOs have characteristic absorption spectra with maxima at 330 nm from the Type II copper and 610 nm from the Type I copper (Solomon et al. 1996) . Neither peak is observed with the partially puriWed Mn(II) oxidase. Because the Mn(II) oxidase is enriched and not pure, the spectral characteristics may be caused by other proteins in the mixture. Yet, the spectrum is more consistent with a quinoprotein than with an MCO.
The speciWc quinone concentration of the partially puriWed Mn(II) oxidase, as puriWed under "gentle" conditions, was determined with the NBT/glycinate assay for quinones. The speciWc quinone concentration in the cell-free extract was 44 pmol £ mg ¡1 protein and in the partially puriWed fraction 1,002 § 43 pmol £ mg ¡1 protein, a 23-fold enrichment. This is greater than the estimated increase in speciWc activity, but considering the large losses in activity during puriWcation, some inactive Mn(II) oxidase is likely present in this fraction. Interestingly, despite the requirement for PQQ under normal ("harsh") protein puriWcation conditions (see above), when extremely "gentle" conditions are employed as used here, additional PQQ is not required for activity, suggesting that under these conditions of high glycerol and the presence of molecular crowding agents, PQQ does not dissociate from the enzyme. Because the NBT/glycinate assay is not speciWc for PQQ we also reconstituted the activity of soluble glucose dehydrogenase (a known PQQ enzyme) with PQQ extracted from the partially puriWed fraction. This assay rendered a PQQ concentration of 1,130 pmol £ mg
¡1
. The absolute concentrations of PQQ are not important since we do not know the concentration of the Mn(II) oxidase, but these experiments do show an enrichment of PQQ with the enriched Mn(II) oxidizing activity.
EVect of PQQ and NAD on Mn(II) oxidation in P. putida MnB1
As a comparison to Erythrobacter sp. SD21, we also determined the eVect of stimulatory coenzymes on in vitro Mn(II) oxidation in P. putida MnB1. The in vitro activity in P. putida MnB1 was quite low with a speciWc activity of 4.6 pmol £ min ¡1 £ (mg cell-free extract)
. When 10 M PQQ was added to the assay, the activity increased sevenfold to 33 pmol £ min ¡1 £ mg
. NAD + increased the activity in the absence of PQQ by 35% but had little eVect in the presence of PQQ. This stimulatory eVect of PQQ was not seen when added to Bacillus sp. SG-1 (G. Dick and B. Tebo, unpublished data) .
Transposon mutants of P. putida MnB1 with disruptions in trpE (Caspi et al. 1998) , the subunit of anthranilate synthase, are unable to oxidize Mn(II) in vivo or in vitro in the absence of PQQ. When 10 M PQQ is added to the in vitro Mn(II) oxidase assay, the activity is rescued. Both transposon mutants with disruptions in trpE (UT1112 and UT3207) could be rescued in vitro by the addition of 10 M PQQ. The rescued mutants had a speciWc activity comparable to wild type activity with added PQQ-24 picomol £ min ¡1 £ mg ¡1 for UT1112 and 33 picomol £ min ¡1 £ mg ¡1 for UT3207 versus 33 picomol £ min
£ mg ¡1 for wild type. Anthranilate synthase is involved in the biosynthesis of tryptophan, catalyzing the transformation of chorismate to anthranilate. Chorismate is also upstream in the biosynthesis of quinones as well as tyrosine. One could thus imagine that the pool of quinones, including PQQ may be aVected by this mutation. PQQ concentrations in the cell may also be aVected by a decrease in tryptophan as it is a positive regulator of tyrosine biosynthesis (Michal 1998) and PQQ is formed from tyrosine.
Discussion
Bacterial Mn(II) oxidation is a phylogenetically widespread trait among the proteobacteria and Wrmicutes ) and we are currently on the cusp of understanding the mechanism of this interesting activity in model strains. We may Wnd that the mechanism is conserved amongst these diVerent groups of bacteria suggesting a common ancestral trait, or Mn(II)-oxidizing enzymes may have evolved independently within these strains leading to multiple types of mechanisms. MCOs are suspected to directly catalyze Mn(II) oxidation, but here we report evidence that a quinone is involved in the enzymatic oxidation of Mn(II) in Erythrobacter sp. SD21 and probably P. putida MnB1 as well. The stimulatory eVect of PQQ on Mn(II) oxidation (Table 1) , its ability to rescue Mn(II)-oxidizing mutants, a partially puriWed Mn(II) oxidase with an absorbance spectrum similar to a quinoprotein (Fig. 2) , and the enrichment of PQQ along with Mn(II)-oxidizing activity indicate that a quinone is likely involved in Mn(II) oxidation. PQQ is a noncovalently bound cofactor found in both prokaryotes and eukaryotes, primarily as an electron transferring cofactor for non-NAD + and non-FAD + requiring alcohol dehydrogenases. During catalysis, PQQ is reversibly reduced to a hydroquinone (PQQH 2 ) through a semiquinone radical. This class of alcohol dehydrogenases (quinoproteins) contain PQQ as the sole cofactor or in combination with a heme c (quinohemoproteins). PQQ is a unique quinone prosthetic group in that it is not covalently attached nor derived from amino acids of the protein backbone [such as tryptophan tryptophylquinone (TTQ), topaquinone (TPQ), lysine tyrosylquinone (LTQ), and cysteine tryptophylquinone (CTQ)].
The reactions catalyzed by PQQ containing alcohol dehydrogenases and the Mn(II)-oxidizing protein are quite diVerent, therefore, the role of PQQ in Mn(II) oxidation remains a question open for further study. The high redox potential of free Mn(III)/Mn(II) (+1.5 V) would not likely be compatible with PQQ (+90 mV) serving as an electron acceptor (Mn(II) + 1/2 PQQ + H + ! Mn(III) + 1/2PQQH 2 ). Alternatively, PQQ has been suggested to chelate metal ions such as Mn(II) (Fluckiger et al. 1993 ) and the role of PQQ could be to chelate Mn(II,III,IV) species at the active site (Mn(II) + Enz-PQQ ! Enz-PQQ-Mn(II), Enz-PQQMn(II) + 1/4 O 2 + H + ! Enz-PQQ + Mn(III) + H 2 O). Mn(II) oxidation could also occur by reacting Mn(II) with superoxide generated from the reduced and semiquinone form of PQQ (Guillen et al. 1997 (Francis et al. 2002) and in Leptothrix where the Mn(II)-oxidizing protein is secreted by the sheathless Leptothrix discophora SS1 (Adams and Ghiorse 1987) . Localization of the P. putida GB1 protein indicated a soluble protein (Okazaki et al. 1997 ) similar to that identiWed here with Erythrobacter sp. SD21. These proteins may reside in the periplasm or be loosely associated with the cell surface. A periplasmic or loosely associated cell surface protein would be more consistent with the accumulation of extracellular Mn oxides.
Divalent soft metals such as Mg 2+ and Ca 2+ are known to be required for or promote the activity of many proteins (Mordasini et al. 2003) , and the stimulation of Mn(II) oxidation by Ca 2+ (Toyoda and B. Tebo, unpublished results) may reXect that. The role of Ca 2+ may also indicate a more speciWc role. PQQ requiring enzymes such as methanol dehydrogenase and soluble glucose dehydrogenase (Oubrie et al. 1999) require Ca 2+ for binding of PQQ and stabilization of the PQQ semiquinone form (Sato et al. 2001) . The eVect of Ca 2+ on Mn(II) oxidation is consistent with catalysis by a PQQ requiring enzyme.
Is the Mn(II) oxidase in Erythrobacter sp. SD21 a MCO? Unfortunately, the data presented here do not provide a deWnitive answer, but it certainly raises questions about the widespread role of MCOs in direct oxidation of Mn(II). The absorbance spectrum of the partially puriWed activity does not show characteristics consistent with an MCO, and copper does not aVect Mn(II) oxidation by Erythrobacter sp. SD21 in vivo or in vitro as has been shown in other Mn(II)-oxidizing microorganisms (van Waasbergen et al. 1996; Larsen et al. 1999; Brouwers et al. 2000a; Zhang et al. 2002) . In addition, in contrast to what has been observed with other Mn(II)-oxidizing protein preparations (Webb et al. 2004) , Mn(III) instead of Mn(IV) seems to be the product of Mn(II) oxidation; thus, a diVerent catalytic mechanism may be employed. The Km (204 M) measured with cell-free extract is similar to that found for Bacillus sp. SG-1 exosporium in the presence of pyrophosphate (196 M) (Webb et al. 2005) , but much higher than that determined for other Mn(II)-oxidizing proteins from vegetative cells: 7 M with Leptothrix discophora SS-1 (Adams and Ghiorse 1987) , 10 M with P. putida GB-1 (Okazaki et al. 1997) , 26 M with Pedomicrobium sp. ACM 3067 (Larsen et al. 1999) . The results of inhibition with azide, cyanide, and ophenanthroline are relatively consistent with what has previously been reported, but do not conclusively suggest the involvement of an MCO because these compounds may also interact with Mn. Although inhibition by these compounds is consistent with an MCO, these compounds aVect the activity of other types of metalloenzymes (Hille 1994; Supuran et al. 2004) , and azide and cyanide also react directly with PQQ (Frank et al. 1988; Duine 1991) . Previous results with Erythrobacter sp. SD21 showed that the MCO organic substrate, ABTS, is transformed by a protein that comigrates with the Mn(II)-oxidizing proteins in SDS-PAGE (Francis et al. 2001) providing evidence that an MCO is involved. The draft sequence of the Erythrobacter SD21 genome has revealed several MCOs, putative PQQ biosynthesis genes, and PQQ requiring enzymes thereby not eliminating the involvement of a MCO or a PQQ requiring enzyme. It is worth noting that of the bacterial MCOs reported in the literature that have been tested for Mn(II) oxidation, none have been able to catalyze Mn(II) oxidation. Since the Mn(II) oxidase is suspected to be a large complex, both an MCO and a quinone requiring enzyme may be required for activity. If speciWc interprotein electron transfer between an MCO and a quinoprotein is required for Mn(II) oxidation, it may help to explain the diYculties associated with purifying and heterologously expressing an active Mn(II) oxidase. Linking the many MCO genes that have been identiWed to be involved in Mn(II) oxidation with the biochemical activity continues to await further puriWcation of the activity or mass spectrometry identiWcation.
